One-dimensional (1D) ZnO nanostructures have been studied intensively and extensively over the last decade not only for their remarkable chemical and physical properties, but also for their diverse current and future technological applications. This article gives a comprehensive overview of the progress that has been made within the context of 1D ZnO nanostructures synthesized via wet chemical methods. We will cover the synthetic methodologies and the corresponding growth mechanisms, various nanostructures grown, their doping and alloying, and position-controlled growth on substrates. Finally, we will review their functional properties in catalysis, hydrophobic surface modification, sensing, and electronic, optical, optoelectronic, and energy harvesting devices.
Introduction
ZnO is a semiconducting material with a direct wide band gap of 3.37 eV and a large exciton binding energy of 60 meV at room temperature [1, 2] . It has been demonstrated to have broad applications in electronic, optoelectronic, electrochemical, and electromechanical devices [3] [4] [5] [6] [7] [8] , such as ultraviolet (UV) lasers [9, 10] , light-emitting diodes [11] , field emission devices [12] [13] [14] , high performance nanosensors [15] [16] [17] , solar cells [18] [19] [20] [21] , piezoelectric nanogenerators [22] [23] [24] , and nano-piezotronics [25] [26] [27] In this review, we focus on the 1D ZnO nanostructures that have been grown by wet chemical methods, although more general evaluations of ZnO nanostructures have been provided in a vast amount of literature [1, 5, 6, [51] [52] [53] . The following five main aspects will be covered. First, we will go over the basic synthetic methodologies and growth mechanisms that have been adopted in the literature. Second, we will display various nanostructures of ZnO that have been achieved by wet chemical methods. Third, we will summarize different approaches to manipulate the physical properties of the ZnO nanostructures by n-type, p-type, and transition metal doping, and to engineer the ZnO band gap by alloying with other metal oxides. Fourth, we will show the various techniques that have been implemented to control the spatial distribution of ZnO nanostructures on a substrate, namely patterned growth. Finally we will illustrate the functional properties of 1D ZnO nanostructures and the diverse innovative applications where these nanostructures play a vital role.
Basic synthetic methodologies and growth mechanisms
ZnO is an amphoteric oxide with an isoelectric point value of about 9.5 [54] . Generally speaking, ZnO is expected to crystallize by the hydrolysis of Zn salts in a basic solution that can be formed using strong or weak alkalis. Zn 2+ is known to coordinate in tetrahedral complexes. Due to the 3d 10 electron configuration, it is colorless and has zero crystal field stabilization energy. Depending on the given pH and temperature [55] , Zn 2+ is able to exist in a series of intermediates, and ZnO can be formed by the dehydration of these intermediates.
Chemical reactions in aqueous systems are usually considered to be in a reversible equilibrium, and the driving force is the minimization of the free energy of the entire reaction system [56] . Wurtzite structured ZnO grown along the c axis has high energy polar surfaces such as ± (0001) -terminated surface, or vice versa. Such a process is repeated over time, leading to fast growth along the ± [0001] directions, exposing the non-polar {1100} and {2110} surfaces to the solution. This is essentially how a 1D nanostructure is formed in solutions.
Growth in general alkaline solutions
An alkaline solution is essential for the formation of ZnO nanostructures because normally divalent metal ions do not hydrolyze in acidic environments [28, 57, 58] . The commonly used alkali compounds are KOH and NaOH. Generally speaking, the solubility of ZnO in an alkali solution increases with the alkali concentration and temperature. Under necessary supersaturation, a growth zone can be attained [58] . KOH is thought to be preferable to NaOH, because K + has a larger ion radius and thus a lower probability of incorporation into the ZnO lattice [58, 61] 
